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ABSTRACT 


Examples of theory development in quantum field theory and in S- 
matrix theory are related to three questions of interest to the phi lo- 
sophy of science. The first 4s the central role of highly abstract, 
mathematical models in the creation of theories. Second, the Process of 
creation and justification actually used make it plausible that a suc- 
cessful theory is better characterized as being stable against attack 
rather than as being objectively correct. Lastly, the tssue of the 
reality of theortical entities is discussed in light of this represen- 


tation of theory generation and selection, 


1. INTRONUCTION 

Today I shall use developments in the field of theoretical 
high-energy physics to examine three issues of interest to the philo- 
sophy of science. First will he the use of highly abstract, formal 
madels in the generation and evolution of theories. Second, T shall 
argue for a representation of the sclentific enterprise in which there 
is no sharp separation between the creation and justification processes 
and in which the objective - subjective (or perhaps rational -— 
sociological) distinction is hturred. Finally, the question of the 
reality of theoretical entities will be related to these first two 
issues. More details than I can Qive here are available in extended 
Papers (Cushing, 1982a, 1982). 

4lthough it has been fairly common (dartofsky, 1980, pp. 1-5) 
until recently to treat the evaluation and discovery aspects of science 
as largely disjoint undertakings, detailed case studies of past sciaen- 
tific achievements ro reveal certain patterns of discovery and also 
indicate that discovery and justification are coupled processes (Rantz, 
T9an; Mackinnon, 1980; Nickles, 1989). This is especially true in the 
early stages of a research Program. Ed MacKinnon (1980, p.159) has 
made a very useful distinction among three stages in the development of 
a sctentific theory: formation, deductive unification, and axiomatic 
reformulation, Fven though these activities are not always comaletely 
separate ones, [ shall he focusing largely an the early stage of the 
creation of naw thearetica? frameworks. An important tool in this pro- 
cess of theory construction is the use of models. Mary Hesse (1968) has 
araued for the role ,of models and analogies in scientific theories. It 


appears that there has heen a significant evolution in the use af models 


AL 
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away from models of analogy (in Hesse's sense) in nineteenth century 
physics toward much more formal and abstract analogies in current 
theoretical physics (Cushing, 19824). Such models form a bridge hetween 
one theory and ancther and between the discovery and justification pro- 
cesses. This has been indicated by Michael Redhead (1975) whe has seen 
the form of a mathematical theory as often heing the invariant per- 
severing through theary change as the terms in the theory ere rein- 
terpreted or redefined. ne can see, for instance, that in the tran- 
sition from classical to quantum mechanics the form of the equations of 
motion (that is, Hamilton's equations) remained the same altnough the 
meaning of the dynamical variables changed markedly. Redhead has also 
identified the central use of theoretical models ard their stretchizg or 
development via exploration of their excess mathematical content (199Ma) 
and the prevalence of these methods in particle physics (198Mb). As 
with Born and Heisenberg, so in modern particle theory, a specific 
problem solution nas often served as 2 model for subsequent work. Rantz 
‘.9P0) nas also recognized this in his chemical honding case study. 
Mocels (often of forma! nathematical analoay) serve as a means of 
spending a tteary iq a catnematic?’ framework, This latter framework 
anen studied in cetail or expanced revea 3 an unexnreactedly rich struc- 
“ure which can in turn he used to extend the tneorv. “odels are central 
for this fitting and stretching process. “iantum sechanics abounds with 
these surplus structure results, such as the Sohm-Aharonov (1°59) 
effect. This extended theory is then taken serious?y enouch to investi- 


gate its empirical consequences. Fite Zahar (1979, 1999) has written on 


the creative cole of mathematics in the discovery of nhysical theories, 
1 (Cushing, 1982a) have studied explicity the use of soaels ia currant 
high-energy theory and have found a predoninart shif* tovard tne use ae 


highly formal mathematical morels. This trend towa-! “apmatism as cho 


origin of physical theories was presagad hy Tirs- in nig farnus 1677 


reper on magnetic manopnies. 


"The steady progress of physics requires fer its thearetical 
formulation a mathematics that aets continya’ty more advanced, 
This is only natural and to he expected. hat, however, was 
fot expected by the scientific workers af the last- century was 
the particular form that the line of advancement of the mathe- 
matics would take, mamely, it was expected tnat the mathematics 
would get more and more complicated, hut wou'd rest an a ner- 
manent basis of axioms and definitions, while actua’ly the 
modern physical developments have recuired a -nathematics that 
continually shifts its foundations and gats ~ore abstract. 
Non-euclidean genmetry and non-commutative a’cehra, which were 
at one time considered to he purely fictians nf the mind and 
Pastimes for logical thinkers, have now hear found to he very 
necessary for the description of general facts of the physica’ 
world, It seems likely that this process of increasing 
abstraction will continue in the future and that advance 

in physics is to he associated with a continual modification 
and generalisation of the axioms at the hase of the mathe- 
matics rather than with a logical development of any one 
sathematical scheme on a fixed foundation. 

“There are at present fundamental problems in theoretical ohy- 
sicsS awaiting solution, e.g., the relativistic formulation of 
quantum mechanics and the natura of atomic nuclei [to he 
followed by more difficult ones such as the orahiem of lifel, 
the solution of which problecs will oresumahty require a more 
drastic revision of our fundamental concepts than anv that nave 
gone hefore, Nuite likely these channes he so treat that 
it will he beyond the power of human ont jirence tna cat the 
necessary snw ideas hy direct atremnts ta fore tate the aynaria 
mental data in mathematical terns, “~e *henratical worker in 
the future will therefare have to praceed in a more indirect 
way. The mast powerful method of advance that can he sunaaested 
at nresent is to employ all the resmurces of cure mathematics 
in attempts to perfect and generalise the mathematical for- 
aalism that forms the existing hasis af tnanr cal arysirs, 
and after each success in this direction, ¢c try ta inter es 
thea new mathematical features in terms af cresical ontitias," 


wy 
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Nirac then cited his own theory of the relativistic electron 
whose neqative-energy states suhsequently hecame identified with the 
positron. This need to qo from mathematics and theory to experiment in 


current physics, rather than the reverse route which had been predomi- 
—_—___—s 


nant in the the past, has also been commented on by C. N. Yang (1980). 
—_—_—_—_e—_—————————— 


Although I shall be listing several examples of this process later, let 
me just mention here quantum electrodynamics, renormalization, hlack 
holes, non-abelian gauge fields and, possihly, even Dirac's own magne- 
tic monopole (Cabrera, 1922). 

To make a transitinn to some cf the sociological aspects of 
science let me parody one view of science. Science is seen as a hasi- 
cally rational enterprise in which objective truth is sought and disco- 
vered (Pietschmann, ISTE Of course, there are social factors present, 
hut these are extraneous to the essence of science. Such factors may *e 
necessary since humans are involved in science, hut surely they are 
undesirable for and extraneous to the scientific enterprise. These 
influences are to he eliminated from the final, objective product of 
scientific knowledge. The interaction of the individual with others is 


an accidental or practical necessity for scientific activity hut sure’y, 


in principle, science covid be done by a to7@ computer of sufficient 


intetiectual or jogqical capacity. In spite of this hasically hostile 
view toward social facters prevalent among scientists, there is an 
uneasy awareness the® al? might net he well with the foiklore verston n* 
science. This is reminiscent of the revulsion which was once 


axrerienced that ‘eater, tne embodiment of the age of reagan, had show™ 
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a genuine and prolonged interest in subjects as irrational and mysti 
as alchemy and an unorthodox interpretation of the Rook nf Favelarinas, 
John Maynard Keynes (1951) in his essay, Newton, The Man, tells us that 
Newton had kept these and other unorthodox writinas in a larccte Terae Sox 
and that: 
“After his death Rishop Horsley was as¥ed ta inspect the day 
with a view to publication. He saw the contents witn horror 


and stammed it shut. A hundred years later Sir Devic 
Rrewster Tooked into the box. He covered un the traces...." 


Much of the scientific community is aenuinely uncomfartable with wnat 
they see as a dark side of science. This is especially true of those 
engaged in the routine, less creative aspects of science. “oday, more 
reflective scientists do nat subscribe to such an uncritice’ view of 
science, Still, there is a strong tendency tn maintain a separation 
hetween the socia) and the intellectual. [1 he’ieve that this is one of 
the reasons Medawar (1979) finds the Copper-L2katos school an appealina 
matrix within which to anchor the scientific enterprise. No matter how 
tanaled and messy tre path to scientific knowlege say he, the end aro- 
duct is objective and pure (that is, rational’, 

We can fine a Tacsening of this "Super" rationa’ an¢ ohtective 
representation of science already in the work of Mary Hesse wro has 
arcued for the inf*yence theary has upnn what are taken to ke chserved 
Facts (109M) and, 45 a phenocennn associated «ttn this inte ‘erandance, 
for the network thecry of knowledce (1974), <etsenherg /1975% asgiqrad 
creat vatue to the *cnortance of tracitian ars personal relatinrs ta 


terary devefapment. Mackinnes {LIERY -lains Seth weep jrparcant for 


Schrodinger's formulation of wave mechanics and its interpretation. 
Certainly these authors are sti11 very much in the rational camp. 

Much more explicit acknowledgement of the essentially sociologi- 
cal aspects of science - often associatéd with the "strong program" as J 
understand it ~ has been Qiven by several authors. Rruno Latour and 
Steve Woolgar (1979) have focused on: the production of order out of 
disorder, largely by the Process of the selection, as Leon Brillouin 
(1964) put it, of the relatively few facts we choose to explain with a 
scientific theory; the construction of phenomena and facts, which are 
then given objective, independent existence; and, most important it 
seems to me, the qoal and end Product of a lahoratory or research group 
neing papers by which the group collectively and the scientists indivi- 
dually "purchase" credibililty. A major determinant for the individual 
scientist is the market for this credibility and the cost of raising 
equally probable alternative explanations to what one already 
understands and of 70ing outside an already constructed system. This is 
all consistent with Medawar's (1967) representation oF the job of scien- 
“ists as solving problems fas opposed to simply working on soiving 
arablems}. This success is then used as a warrant for setting that 
scientist's ideas into discourse, which is the aim of scientists, Ziman 
“1978)\ seas this discourse and aranment as tho machanism ty which wa 
sreduce relfahle knowledae, Sertara'y the matter of reliahility is 
orohlematic, 

To wou'd rather say that an idea or a theorist must enter the 


*teld and hots it aqeinct 311 coners simply because this is the hest 


way we have of Producing stable knowledge, That is, the creatars nf 
this knowledge and the most able critics in the field have asked a2} rhe 
Drabing questions they have heen ahle to think of and the *heary /46 
successful) has survived, So, of course, such @ theary $5 stahle ‘far a 
longer gr shorter period of time), until seme more clayep Berson ip ve™ 
the crucial chink, This stabililty is related to tha fare “hat very few 
Deople have the ability and good fortune to create a “heary which can 
cover a set of data and keep them nailed down while the theory is 
adjusted to cover soma new phenomenan. | {Cushina, 139?a, 9.78) faet 
tnat a case can be made for scientists as clever people who make 

their theories work, rather than as discovering laws of Nature which 
oreexist outside their own minds, NF course, not just any theory can 

be made to work, Theorists generate 3 network which covers reality. 
This 1s in some sense analogous to a suit of Clothes which fits a 
Person. There js certainly no unique suit which is the only one that 
fits. However, a had fit is evident, Perhaps the success af &@ thenry 
resides as much in the cleverness and continued ingenuity of its creator 
as in its external, nhiective Status as a "law" of nature. 4% similar 


view of successful ahilosophical syste 


> Or axstanations put forth sy 
oeanactous and brilliant cRitoasophers whe araue weil, write extensively, 
and bludqeon apie enperants fary submtesiqn ‘ap at Teast silence) would 
oessihly not raise areal objection in same quarters, 

Andy Pickering (1987) has altacved the “discovery fatrytate" 
in modern Particle physics and made instead a case for this Process rf 


construction, in which madeline hy formal analauy ie a featral foge ne 


In a brillfant and exhaustive essay-really @ book- Constructing Quarks, 
he (Pickering, 1981) has analyzed the development of quark model field 
theory in terms both of the interest of the individual scientist in 
exploiting his own acquired expertise (of some method or technique) in a 
given field and of a recycling of analogies. His recycling of expertise 
is a very plausible mechanism in terms of what one sees going on among 
his fellow scientists, The options a theorist has open to him are 
nearly defined by the technical skills and knowledge he already 
possesses. A theory not only determines the experiments to be done but 
also heavily biases the interpretation of the subsequent data. Early 
data showing parity violation (Franklin, 1979) and others indicating 
the existence of the 2- (jetschmann, 1976) are just two examples of 
phenomena which were not "seen" until the proper theory had been created. 
Subsequent experimental results are then used as confirmation of the 
theory. This raises the genuine question of whether or not such complex 
and open-ended modern theories can ever really fail. Even granting 
that there are in science norms external to the individual, these norms, 
as Harriet Zuckerman (1978) has observed, have themsetves been 
constructed so that they need not be omjective (or super-rational). 
Helmut Kirchner (1982) has recently discussed the influences of fashions 
in physics. 

To keep the discussion from remaining completely in the realm of 
opinion, | row turn to several specific examples of creative work in 
medern hiah-enerav physics. From these examples I shall then attemnot to 


draw some general ahilosostical conclusions related to the ohservaticns 


aot. 
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T have just made and shall also return to the realism question. 
TT. ELEMENTAPY PARTICLE THEORY 

T hegin by summarizing some of the major develapments in quan- 
tum field theory before turning to S-matrix theory. A review of quantum 
field theory can be found in Weisskopf (1981) and o* hoth the quantum 
Field theory and S-matrix theory research programs in an article of my 
own (Cushing, 1982a). The following examples of creative moves made hy 
theorists comes quite directly from my previous paper (1982a). I nave 
decided to concentrate mostly on field theory hecause many of you may 
be more familiar with that than with S-matrix theory. 

In ordinary quantum mechanics, operators are associated with 
observable quantities and those operators corresponding to canonically 
conjugate variahles, such as the position q and the momentum p, are 
taken to satisfy the canonical commutation relation 

Tap} =i 

Nirac (1977) cave the first detailed, complete, and coherent treatment 
of the interaction between a quantized nonrelativistic atom and a quen- 
tized electromaqnetic radiation field. He exploited the formal analogy 
between the free electromagnetic field and a set of uncoupled harmonic 
oscillators to quantize the electromagnetic field. In this same paper 
ne introduced what have hecame known as the creation and annihilation 

operators of modern quantum field theory. At this time, however, Dirac 
pictured the photons as making a transition from an unohserved qround 

State, containing infinitely many photons, to the actual ohserved state 


under consideration, rather than in terms of the photon being "created", 


‘ 


yy 
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The infinite zero-point energy associated with this infinite collec- 
tion of the electromagnetic field “oscillators” was simply defined away 
by being subtracted (as unobservable) from the total energy to obtain 
the physically measurable energy. This was the first, and least 
serious, of the infinities which would arise in quantum field theory. 
Mirac (1928) subsequently developed a relativistic quantized theory for 
a free electron. This theary had two interesting aspects for our pur- 
poses here. As far as surplus mathematical structure which was given a 
physical interpretation, it contained as necessary results of its 
equations the spin of the electron and an infinite set of negative 
energy states not bounded from below. An electron in any given 
Positive-enerqy state could spontaneously cascade down into ever lower 
energy states so that a free electron would not be stable. Nirac (1930) 
overcame this by postulating a "sea" of electrons which completely 
filled these negative-energy states in accord with the Pauli exclusion 
principle. What we mow think of as the creation of a positron was pic- 
tured as the transition of an already-present negative-energqy electron 
up to @ positive-enerqy level. The infinite but unobservable negative 
charne density of this "sea" is even more counterintuitive than the 
infinite zero-ooint eneray of the electromaqnetic Field “oscillators". 
Mther oroblems of interpretation for quantum field theory soon 
arose, When a covariant quantization of the electromagnetic field 
coupled to a ratter field (say, an electron) was attempted, a con- 
sistency problem was encountered for the electromagnetic four-potential 


A, (x) which was taken tn he a quantized operator. Since one always has 


he ee. 


1 


the freedom to make a gauge transformation 


ae@ 
A. > om + oar 
u 


without affecting the values of the physically observed electric and 


magnetic field (F and Rg, respectively), he has the option to choose the 


sa-calted Lorentz gauge 


The difficulty is that the relativistically covariant canonical com- 


mutation relations themselves lead to the result 
a 


aA (x) 
‘Ys jo -x' } 
ae > AL (x ye Aa(x-x') #9, 
v v 


These last two equations are clearly inconsistent (0 # 9). Fermi 
(1929) suggested imposing the gauge condition not as an operator jden- 


tity hut as a subsidiary constraint on the state vector o as 


aA, oi aA -— 
However, the most important consistency problem that plagued 

quantus fleld theary was the presence of infinities which evantual’y led , 
fo the renorma‘izatian rogram. ven classical atectran theory hat 3 
diveerzence orobtem wit” the self-energy of a point electron, 
Calculations i9 quantum electrodynamics are done as a perturhation 
expansion in the fine’ structure constant 

a 1 


g eyes gy 
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The divergence of certain terms calculated to various orders in a was 
to be a general feature of this theory. Oppenheimer (1530) found an 
infinite shift for corrections to atomic energy levels and Waller 

(1930) an infinite self enersy for a Dirac electron. By the mid 1930's 
some workable subtraction procedures - or well-defined rules for 
throwing away certain infinite terms - had heen worked out to produce 
finite answers. However, some infinites, such as the self-energy of the 
electron, remained. Unambiguous, finite answers could net always be 
obtained in a calculation, 

Nramatic progress was made after the Second World War in 
improving the calculational effectiveness of quantum field theory. Lamb 
and Retherford in 1947 determined experimentally that two energy levels 
of hydrogen which should have been identical in one-electron Nirac 
(1928) theory were in fact separated by a smal] hut finite energy dif- 
ference. In a remarkable calculation, Rethe (1947) made a nonrelati- 
vistic perturbation calculation of the self-energy of an electron in a 
hound state of a hydrogen atom. The most singular term Rethe found was 
just that present for a free electron-Arquing that this should be 
included in the physically observable mass of the electron, he discarded 
it as a not separately observable effect. There stil? remained another 
divergence of the type already known from Dirac's hole theory. This he 
also discarded in the hore that a relativistic calculation would produce 
the same term, plus, posstbly, an additional small finite correction, 


Rethe tcok the finite remainder of his ca’culation to be the Lamb shift. 
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His calculation produced a result within about 4% of the experimental 
value. The extreme accuracy of these measurements becomes clear when we 
appreciate that the eneray shift measured by Lamb was a correction of 
about one part in ten million to the origina? eneray tevel itself. 
Since the Lamb shift remains one of the showpfeces quantum electradyna- 
mics, let us summarize the present status of the experimental and calcu- 
Tational results, 
experimental: a F = 1987,77 + A,M1 Mc/s 
theoretical: sel f-enerav 1911.45 


vacuum polarization -27.13 
vertex modtfication 67.2 


Rethe (1947) in his initial calculation had estimated only the self- 
energy modification which, it turns out, gives the overwhelmingly major 
part of the contribution. The theoretical correction above is calcu- 
lated to order a. The next nonvanishing correction is of order a? and 


if this jis included the net predicted effect becomes 1958.03 Mc/s. 


Kramers (1959) pointed out at the 1948 Solvay Conference that 
observable effects calculated in quantum electrodynamics depend upon the 
charge e and mass m only as measured experimentally. At this time 
theorists were able to do some higher order corrections hy subtracti-g 
nut (that is, reatly just throwing away) diveraences as they cccurred in 
the calculations. However, the answers obtained, while finite, were not 
unique and the entire procedure was a delicate and ambiquous one. This 
technique developed’ inte the modern renormalization proaram of quantum 


elactrodynamics which consists hasically of the following. In doing a 
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Perturbation correction to first order in a, one obtains twa types of 
divergent integrals, one of which can be associated with an electro-~ 
magnetic mass ém which modifies the "bare" MaSS Mj. One simply takes 
the (finite) physically observed mass m to be the sum of the bare and 
electromagnetic masses : 

ms Mg + 6m. 
Both the bare mass mg and the electromagnetic mass em are infinite, 
while the physical mass m is finite. Only the physical mass m appears 
in calculated quantities which correspond to physically observable pro- 
cesses, but never the bare mass M) nor the electromagnetic mass 6m 
separately. Similarly, to first order in a another divergent term 
occurs which again appears only in a suitahle linear combination with 
the “bare” charge eg of the electron, This can be interpreted as a 
modification of the charge due to (vacuum) polarization effects and the 
combination is taken to he the physically observed charge e of the 
electron. “ere, too, neither the “bare” charge eg nor the polarization 
term appears separately, but only the combination making the physical 
charqe e. Therefore, to first order in a, charge and sass renor- 
malization may be employed to make the calculated theory finite, It is 
smoortant to realize that this first order Procedure can be carried out 
‘7 a completely tcorentz covariant, and therefore unambiguous, fashion 
ind that these results agree extremely well with experiment. The cru- 
cial question now becomes what happens when higher-order terms {n ao are 
calculated in the perturbation expanstcn, Mivergent terms again appear, 


but they can all be written in terms of those of mass and charge renor- 


—- ee . |. noe 
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malization, and no others. In fact, to every order in a, the same pro- 
cedure of mass and charge renormalization will remove al] infinite quan- 
tities, leaving finite corrections, This is a renarkahls circumstance 
and is necessary for quantum electrodynamics to he usefi) as a calcula- 
tional tool. If new types of divergences were ta accur ia each suc- 
cessive order of Perturbation, then, even if we could associate each of 
these infinities with a renormalization or redefinition of various phy- 
sically observable quantities, the thenry would have no credictive 
Power. Any field theory for which a finite number of redefinitions is 
sufficient to remove all the divergences to all orders of oerturhation 
theory is termed renormalizable. A Concise statement of any renor- 
malization program has been qivan by Matthews and Salam (1954) as con- 
sisting of three steps: 

1. the number of different types of infinities must be finite; 

2. a subtraction procedure must he found to remove all the infinities; 

3. it "mst be shown that the procedure holds to all orders in per- 

turhation theory. 

Welsskopf (1981) has recently written an article whose recurrent 
theme is the “hattle against infinites.* while this 1s a dramatic 
expression, it is imoortant vet ta Inse sinht oF *he fact that these 
infinites weich haye seen encauntered do not axist in mature but rather | 
in a theory fquantum field theory) constructed ta represent nature or } 
reality. “ts story is ane of the ingenuity of theorists in overcoming | 
or isolatinc this trouble with the theory, not with nature. 


Nevertheless, it remains clear that, hecause of these infinities, 
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quantum electrodynamics cannot be claimed to be a mathematically con- 
sistent theory. There had been some hope that the infinities which 
arose were a result of the approximate nature of the perturbation calcu- 
lations rather than of the theory itself. 4s @ rather naive analogy, 


consider the following power series expansion for x >0 


eters 1 1 


In the limit x > Ot, every term in the serles (except the first) 
diverges, but the exact result is zera. However, that such is not the 
case for the renormalization constants of quantum electrodynamics was 
shawn in 1953 hy Kallen. Independent of any perturbation theory, he 
arqued that in an exact formy?ation not all of the renormalization 
constants of quantum electrodynamics can be finite. 

Fyen if a theory is renormalizable, though, this does not 
necessarity make it useful for calculations since the renormalization 
program and the calculations themselves can be carried out explicitly 
only within the framework of perturbation theory. Far quantum electro- 
dynamics this is not a problem since the expansion parameter (or coupling 
constant) @ = 1/137 is small and the first few terms in the series might 
reasonably be expected to give a good approximation {even if the series 
itself should only be an asymptotic one). However, in field theorfes 
relevant to nuclear and elementary-narticle physics, the coupling 
constant is of the order g = 15, so that a perturbation expanston 4s 


useless to obtain numerical results. These difficulties for stronc- 


v7 


interaction theory were amply apparent hy the early 1959's, The oumeri- 
cal results were in terrible disagreement. with experiment. 


Quantum electrodynamics was the only really success*ul guantun 


field theory and as such provided a model or analocue for furthar theoretical 


developments, or, we might say, for creative moves. We have already 
mentioned that this theary allows a gauge transformatiot to be made. 
This feature turned out to be a key to future progress. The hasic idea 
used in modern gauge field theories was put forward in 1954 by Yang and 
Mills. Although their argument concerned isotonic spin conservation, 
the line of reasoning is most directly explained for a simpler case, In 
classical particle mechanics any invariance or symmetry of the equations 
of motion implies the existence of a conserved quantity. For example, 
if the interactions among a system of particles are such that the form 
of the equations of motion is left invariant under a rotation about some 
axis fixed in space, then the anqular momentum of the system ahout that 
axis #s conserved. Similarly, in @ field theory, Noether's theorem 
(1918) guarantees that, corresponding to any transformation or 
invariance group which leaves the equations of the theory invariant, 
there exists a conserved quantity or constant of the moticn (that is, 3 
quantity whose time derivative vanishes hy virtue of the equations of 
motion}. 4s an example, the nonrelativistic Schrddinges equation is 


left invariant under tha nhase transformation of the wave function yix} 


tx) + ox) = ath v(x} 


——a, 
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where 2 is a constant. This invariance yields conservation of Pprobabi- 
lilty or of charge, Such a phase transformation is known as a global 
gauge transformation since, once 1 has been chosen, the phase is fixed 
at every space-time point (that is, globally), Essentially what Yang 
and Mills argued was that this unobservable phase should be able to be 
chosen arbitaritly at each space-time point x. This requires toca) 


gauge invariance 
VOXD » ol lx) = ef AO) (x) 


where (x) is now an arbitrary function of the space-time variable x. 
However, the equations for the coupled electromagnetic field Ay (x) 
and the electron wave function y (x) are no Tonger invariant under such 
a phase change unless the electromagnetic four-patential 4, (x) is 


simu! taneousty subjected to the transformation 


: 7 1 aalx) 
AG) > A(x) = ALO) +? “a 


Tt tne context of etectromagnetic tneary, this is just Weyl's (1931) 
gauge invariance, 

‘ame and Mills ware able to show row to build into a theory a 
ceneral symmetry aroun by use of such iuca} gauge fields. The only 
trablam was that each aauce field had associated with it a massless 
spin-l particle, just as the alectromagnetic potantial Ay ‘xd has the 
ghoton, This simpty oroduced too many mass'ess particles which were not 
found experimentally. For well over a decade, the Yang-Mills theory was 


considered an interestina hut essentially useless curiosity, [t is 


jo 


worth noting that Yang and Milts' motivation for intreducing such loce} 
Jauge transformations was an ahstract or purely theoretical one, not 


really required by any empirical anomaly. 


These ideas would eventually be applied to the Field of weak interac- 
tions where the original Fermi (1933) theory had sroven screnorma?jzable, 
The weak interaction is responsthie for the decey of the veutron into a 
Proton and an electran 

Ne+pPtrery ay 
The problem was to find a renormalizable theary of the weak interactions, 
The resolution to the massless gauge particle problem was arovided by 
Higgs (1964) who found a mathematical mechanism, known as spontaneous sym- 
metry breaking, which can turn the initially massless Darticles of a 
theory into massive ones. 

In the Tate 1960's Weinberg (1967), and independently Salam (1963), 
cambined the Yang-Mills gauge fields with the Hiags mechanism to Produce a 
unt fied theory of the weak and electromagnetic phenomena. fn analogy he- 
tween many properties of weak and electromagnetic interactions was used as 
motiviatfon. In this Weinherg-Salam model the Yang-Mills spin-1 
field responsible for the weak interactions is Put on an equal footing 
with the photon field (that is, the electromagnetic four dotential} and 
hoth are initially massless, as are the electron and neutrino fields, A 
Hicas field breaks this symmetry, qiving the electron its mass as well as 
the spin-l weak-interaction hoson its mass. The mathematics is 50 


arranged that the physically ahservad “sroken" theory has massive 
g 'y ) 
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spin-1 particles (the charged intermediate vector bosons), 

and the massless spin-1 photon, in addition to a massive electron 

and a massless neutrino. These intermediate vector mesons have not yet 
heen seen in experiments. Initially it was a hope that this theory 
would be renormalizable. In 1971 't Hooft proved that such is indeed the 
case. It is precisely the spin-1 qauge theories that are the renor- 
malizable ones. The Higgs particle plays a peculiar role in the 
Salam-Weinberg model since it is essential to provide the spontaneous 
symmetry-breaking mechanism and yet, because these Higgs particles have 
not to date been observed experimentally, its mass must be made ex- 
tremely high so that it has essentially no effect on many of the 
predictions of the theory. In principle its mass could be pushed to 
higher and higher values to save the theory. On the other hand, the 
detection of the Higgs particle would be a great piece of supporting 
evidence for the theory. In this sense one might say that the existence 
of the Higgs particle is verifiable but not falsifiable. 

This fairly complete and reasonably welt-canfirmed unification of 
the weak and electromagnetic interactions has prompted an attempt to 
unify these with the strong interactions in a grand unified field theory 
(or GI'T in the trade}. ne first attempts ta build a gauge theory of 
strong interactions. The hasic ingredients in suck a theory are quarks 
(Gell-Mann, 1962) (that is, fractionally charged, spin 1/7 elementary 
particles), implementation cf SI(3} symmetry via Yang-Milis (1954) cauge 
fields, the spontaneous breaking of this symmetry hy the Higgs (1964) 


mechanism, and the requirement of ranarmalizability. An initial “if- 


ee 


ficulty with the three quarks initially postulated, aside from their not 
heing observed experimentally, is one of principle. In order to produce 
stable ground-state configurations of three quarks in a physical 
nucleon, one has to violate the Pauli exclusion principie which governs 
fermions. To avoid this Greenberg (1964) postulated what was sub- 
sequently to become the attrihute of color for quarks. Fach quark came 
in three colors (say, red, white, and htue or 1, 2, 3} so that, rather 
than heing the three quarks expected at that time, there were indeed 2X3 
= 9, This was purely an ad hoc move ta save the exciuston orinciple. 
The other tabel for the quark {often referred to as up, down and 
strange) became known as flavor. Hence, in the mid 1940's there were 
three colors and three flavors of quarks. Fvery quark has a color label 
and a flavor label. In 1979 Glashow, Iliopoulns, and Maiani postulated 
the existence of another flavor (c for charm) in order to eliminate some 
unwanted predictions from one version of these unified theories. 
Speaking very loosely, cancellations of pairs of divercences can he 
arranged among the four quarks but not among just three of them, 
Subsquently, this concept of charm provided a natural interpretation 
of the extreme stability of certain states ohserved in high-energy scat- 
tering experiments. This hrovaht the number af "elementary" particles, 
ar quarks, to 3 (emlors) x 4 {flavors} = 17. 

A major difficulty which remains is that no free quarks (of which 
three are now 3 x & = 18) have ever heen found in spite of extensive 
searches at hich enercies. 4s a result, the ad hac move has heen made 


*o assume that at! physical states consist, essentially, either of three 


’ 
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quarks hound together to make a nucleon or of quark-antiquark pairs bound 
to make a meson, so that free quarks cannot exist. This is purely an 
assumption appended to the theory and has never been Proven to be the 
case in any realistic gauge theory. It is referred to as confinement, 

T shall now make a few comments on another research Program in high 
energy physics, namely S-matrix theory. My presentation on this will he 
rather brief since an extensive and detailed study of the Program wil] 
be forthcoming (Cushing, 1982b}). The origin of this approach is often 
referred back to Heisenberg (1943) in the 1930's and 1949's when he 
suggested that the breakdown of quantum field theories might be due to 
the existence of a fundamental Tength and that, as an interim program, 
ane should base a theory directly and exclustvely oa observable quan- 
tities (a motivation similar to that for his own initial formulation of 
matrix mechanics). The formal mathematical device for implementing this 
Program is the scattering matrix, or S matrix. Physical scattering or 
transition probabilities are obtained as squares of the entries in the 
matrix. This S matrix must be unitary 

SS veaans 
The physical significance of this mathematical statement fs that it 
expresses conservation of probability in the sense that if a system is 
known to be in some definite initial State, then the sum of all the pro~ 
hahilities for its appearing in any allowed final state must add up to 
unity, The S matrix must also he covariant with respect to Lorentz 
transformations and analytic fin the sense of complex variahle theory) 


with respect to the variahle on which it depends. 1 really cannot ao 
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into this last Property here. It is related to @ type of Causality. 
These three central Properties — unitarity, Lorentz Covariance and, 
especially, analyticity - were abstracted fran specific field theory 
models, which were then discarded. Since the theory is formulated only 
in terms of the observable S matrix, the expectation is that all catcu- 
lated results will be finite. 

However, the actual S-matrix proaram of today owes Tittle to 
Heisenberg's original proposals, The program hecame a serious, autono- 
MOUS One only jn the late 1980"*s when several developments, havina their 
roots in quantum field theory, appeared to offer a new approach to the 
problems of strongly interacting particles, Ry this time, Heisenberg 
himself had abandoned his earlier program, tn g model motivated hy 
field theory, Shew and Low (195Ka, b} were ahle to use the equations 
Produced from this model to relate to each other certain physically 
measurable quantities in a way that did not cepend on the details of the 
field theory itself. Gell-Mann (1955) seems to have been among the 
first toa suasest the possibility of an analytic S-matrix Program which 
might largely replace quantum field theary. & series of results 
obtatned in the late 1950's and early 1969's. many again abstracted from 
field theory, Vent suppart to the conjecture that a complete theory 
could he hasen on unitarity, borentz invariance, and analyticity, The 
key ingredient was unitarity and this led ta the hontstrap conjecture 
by Chew (Chew and Mandelstam, 1660: Chew, 196?) according to which the 
S matrix would he determined uniquely and sel f-consistently hy the 


equations of *he theary. These auations are provided by the unitarity 
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condition which, when written out with a1} the variables, indices, stama- 
tions, and integrations displayed explicity, constitutes an infinite set 
of coupled, nonlinear, singular integral equations. in the nearly 
intractable nature of this mathematical problem was seen the hope for a 
unique and sufficiently rich solution to describe high-energy phenomena. 
The idea was that a nonlinear system is highly constrained, often having 
no solution, but, when there is a solution, it 1s often unique. In 
contradistinction to a linear problem, where any solution can be * 
multiplied by an arbitray constant factor and still remain 2 solution, 
the nonlinearity of an equation can uniquely fix magnitudes. Such a 
theory could also provide an answer to a question as to why the mass of 
a proton (say) has the specific numerical value it does (ahout 1.67 x 
in" am}. In quantum mechanics or conventional field theary, euch 
parameters must be given as input (taken from experimental data) and 
cannot be explained or produced as output hy the theory. 

There were several impressive achievements of S-matrix theory fn 
the early days, but the program was eventually abandoned by many of its 
workers since the mathematical equations proved intractable. The theory 
did not make incorrect predictions, but simply not enough predictions. 
Several of the theorists who had made key contributions to the S-matrix 
program now hecame participants in the qauge field theory enterprise. 
However, recently, through an ingenious use of topology as a new 
feature of the S matrix, Chew (1979) and his coworkers have greatly 
increased the empirical content of the program, They are able to 


account for savera! ceneral phenomenological rules which previous!y had 


no explanation (either in field theory or in S-matrix theory), to pr iduce 
numerical predictions for experimental cross sections, and to ohtain 
many of the qeneral results ar features which had heen ceaculiar to q+ude: 
field theories - even "quarks", although of a rather di**erent vind, 
Rut, that is a tong story in itself. The complexity of *ne mathematics 
Ys still a major barrier, as well as heing a contiauina source of new 
developments. 
IIT. CONCLUSIONS, 
Let me recapitulate the main features of this story as ' have 
told it. There have been repeated moves to save a theory from con- 


tradiction. A few examples from quantum field theory are: 
1. “irac’s neaative eneray sea of electrons 


2. Fermi's interpretation of the gauce condiztien as a sub- 
sidiary requirement on the state vector 
3. the suhtraction of infinite zero-point enercies and of 
infinite vacuum polarizations 
4, the renormalization program 
5. spontaneous symmetry breaking and the Hiaqs mechanism 
« the introductton of color 
7. the introduction of various flavors, such as charm 
A. the assumption of confinement to account for the ahsence nf* 
free quarks 
A similar list can he mace for S-matrix theory but, due to the 
limitations of time, T shall concentrate mainly on my field theory 


exargies. 
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The use of abstract mathematical models is evident in all this as 
is the exploration of the surplus structure of these models - monopoles 
and solitions in gauge theories, topology in S-matrix theory. There is 
a predomiance of mathematics as the Source of new physical concepts - 
charm (from the suppression of unwanted terms), the group-theory origin 
of quarks, the Higgs boson, the topological "quarks" of S-matrix theory. 
There has been a recycling of ideas as a result of individual workers 
recycling their expertise. This is especially evident in the way that 
most theoretical physicists are tied to their experience and technical 
skill in working with Lagrangian field theories (Chew, 1971; Pickering, 
1981). It is also evident for theorists (such as Mandelatam) who have 
shifted from the S-matrix Program to the hartecr oe well as 
for those (such as Qalazs) who have stayed with the S-matrix theory. 

The composite model picture has gone from atoms, to nuclei, to quarks 
(and even, nossibly, beyond). The analogy of quantum electradynamics as 
a guide for gauge field theories, such as quantum chromodynamics, is 
apparent. Experiments and observed phenomena make sense and have 
meaning only within the framework of a theory which selects "meaningful" 
events to study. That the order “seen” is a function of the selection 
made is indicated, for example, hy the fact that quantum chromodynamics 
and tapological S-matrix theory are valid (in the sense af being calcu- 
Vationally adequate’ in different domains of reactions (often charac- 
terized, respectively, as large vs. small values of the transverse 
momentum) 4 calculationally successful theory, such as quantum chromo- 


dynamics, so defines the ‘ancuace of scientific discourse that aven a 
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radically different competitor, such as tonoloqical S-matrix theory, is 
cast in terms of that Tanquage. 

These are some of the reasans why T have suqgested that great 
theorists are clever people who (within rather broad limits set hy data, 
which after all, are selected) make their theories work fas oppssed to 
being fortunate enough to discover a "law" already thera), There ara 
lots of pieces, Some of which can he fit together into a workable 
theory to create a Picture of the world as we see it. T would very much 
like to digress into the related issue of the MOM vat Tonscof the 
theorists ia terms of a desire to create Something permanent (Einstein, 
1954) and of a sense of obligation (Wnitrow, 1973), hut once again 
time does not allow this now, 

T conclude with a few comments - questions, really - on the 
problem of the reality of the central entities in a scientific theory. 
Frnan McMul Tin, among others in the audience, will no doubt set me 
straight very shortly on the error of my ways here, If, hy creatively 
stretching and Fitting models, theorists generate a network which they 
fit over the contours of the external world as they see it, the cuestion 
naturally arises of the reality of the theoretical entities in such 
descriptions of nature, fs ona case in point, consider -ne pictlre 
which quantum field freary qives us of the “vacuum” (aether 2?) as 
seething with Particte-antiparticle pairs of every tescriotion acz as 
resoonstble for spontaneously breaking symmetries initially present in 
the theory. Is nature seriously supsosed to be like tha? Perhacs we 


have a Tittle nore pe-spective today in questioning Newton's absetute 
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space or Maxwell's electromagnetic aether. The madern reader finds 
incredulous the absolute certainty with which Maxwell argued for his 
aether. In a long article on the aether for the ninth edition of the 
Fneyctopaedia Rritannica Maxwell concluded by discussing the vortex Tines 
which would have to exist for an indefinitely long period of time in the 
neichhorhood of a permanent magnet. Since any known fluid which can 
have vortices must also be viscous so that the yortices must ultima- 
tely dissipate as heat, he had to admit that the aether possessed 
another peculiar property. Nevertheless, he was adamant about its 
existence and even hinted at a function for the aether beyond the realm 
of mere physics. 


"No theory of the constitution of the aether has vet been 
invented which wiil account for such a system of molecular 
vortices being maintained for an indefinite time without their 
energy being gradually dissipated into that ftrreqular 
agitation of the medium which, in ordinary media, is called 
heat. 

"Whatever difficulties we may have in forming a consistent 
idea of the constitutton of the aether, there can be no doubt 
that the interplanetary and interstellar spaces are not empty, 
hut are occupied Sv a material substance or body, which is 
certainly the largest, and probably the most uniform hody of 
whicn we have any <rowledge. 

‘Whether this vast homogeneous expanse of fsotropic matter 
is fitted not onty to he a medium of ahysical interaction 
hetween distant hodies, and to fulfil! other physical 
Functions of which, perhaps, we have as yet no conception, hut 
1180, ....50 constitute the material organism of heings exer- 
cistna functions ef life and mind as high or higher than ours 
ire at oresent, ts a auestion far transcending the limits of 
veysical speculation.” (Niven, 1890}, 


Maxwali's basic article of faith necessitating a material aether was 
that iltimately all forces must be forces qenerated by direct contact: 


a vis a terao (a shove from behind), as he termed it, 
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The realism of theoretical entities - such as the aether - 
generated in the creation of theories seems implausible, except in smne 
general sense of a quite lonse and fonund que corresnandence with the 
elements of the external world. This lends s pnoct <3 Laudan’s (1981) 
recent attack upon realism. Actually, Putnam's 11975) earlier "miracle" 
(in the absence of a realist interpretation) would be hetter stated not 
that successful theories can he created by trial an4 ecror hut rather 
that scientists are willing to work so lona and hard on such an 
enterprise. ne reason for the success of the theories nf high eneray 
physics discussed in this talk may Ife in thetr being so complex and 
open-ended that they can never be fully explored and hence have the 
Dractical flexibililty which allows them to he stretched to core with 
new phenomena, 

Nf course, we seek more from our theories than empirical and calcu- 
Tational adequacy alone. They give us a stable means of organizing and 
comprehending our world in terms of the vocabulary they define and 
through an interpretation of the central terms in those theories. 
Mowever, we have no warrant for assigning truth or reality to these 


constructs with any meaning other than that they work (or, really, 


haven't failed us) in fulfilling these functions, They are true only in | 


nis very pragmatic sence. 1 take it this is consistent with the 

stirit of Fd Mactinnon's distinction hetween ontic and semantic truth 
{1970) and his discussion of the meaning of truth in science {19R2), with 
*ethur Fine's (19R2) hatural ontological attitude, with Harwich's (1982) 


senara*ion of realism into three catennries, with “stram's 41987) recent 


ry sae 
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) work, and with van Fraassen's (1980) position. We may want more from 
our theories, but this is the best we can do. 
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